Naval  Medical  Research  Institute 


BHwda,  MD  iamjsm _ 

AD-A274  342 


II 


COMPARISON  OF  CROSS-LINKED  HEMOGLOBIN  SOLUTION  TO 
LACTATED  RINGERS  AND  5%  ALBUMIN  IN  RESUSCITATION  OF  A 
RAT  MODEL  OF  ESCHERICHIA  COU  SEPTIC  SHOCK 


C  Ramsey 
P.  Perdue 
K.  K.  Kazarian 


DTIC 

ELECTE 
JAN  04 1994 


J.  J.  Nevola 
1.  Hayward 
T.  J.  Williams 
W.  Law 
MCFalk 


Naval  Medical  Research 
and  Development  Command 
Bethesda,  MiuTland  20889-5606 


Department  of  the  Navy 
Naval  Medical  Command 
Washington,  DC  20372-5210 


Approved  for  public  release 
distribution  is  unlimited 


94-00017 

iiiiyiiiiiiiiiiiiiimiiiiiii 


04  1  03  029 


Best 

Available 

Copy 


NOTICES 


The  opinions  and  assertions  contained  herein  are  the  private  ones  of  the  writer  and  are  not  to  be 
construed  as  official  or  reflecting  the  views  of  the  naval  service  at  large. 

When  U.  S.  Government  drawings,  specifications,  or  other  data  are  used  for  any  purpose  other  than 
a  definitely  related  Government  procurement  operation,  the  Government  thereby  incurs  no 
responsibility  nor  any  obligation  whatsoever,  and  the  fact  that  the  Government  may  have 
formulated,  furnished  or  in  any  way  supplied  ttie  said  drawings,  specifications,  or  other  data  is  not 
to  be  regarded  by  implication  or  otherwise,  as  in  any  manner  licensing  the  holder  or  any  other 
person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any 
patented  invention  that  may  in  any  way  be  related  thereto. 

Please  do  not  request  copies  of  this  report  from  the  Naval  Medical  Research  Institute.  Additiorul 
copies  nuy  be  purchased  from: 


Natiorul  Technical  Information  Service 
5285  Port  Royal  Road 
Springfield,  Virginia  22161 


Federal  Government  agencies  and  their  contractors  registered  with  the  Defense  Technical 
Information  Center  should  direct  requests  for  copies  of  this  report  to: 

Defense  Technical  Information  Center 
Cameron  Station 
Alexandria,  Virginia  22304-6145 


TECHNICAL  REVIEW  AND  APPROVAL 
NMRI  93-81 

The  experiments  reported  herein  were  conducted  according  to  the  principles  set  forth  in  the  current 
edition  of  the  "Guide  for  the  Care  and  Use  of  Laboratory  Animals,"  Institute  of  Laboratory  Animal 
Resources,  Natiorul  Research  Council. 

This  technical  report  has  been  reviewed  by  the  NMRI  scientific  and  public  affairs  staff  and  is 
approved  for  publication. '  It  is  releasable  to  the  Natiorul  Technical  Information  Service  where  it 
will  be  available  to  the  general  public,  including  foreign  rutioru. 


ROBERT  G.  WALTER 
CAPT,  DC,  USN 
Commanding  Officer 
Naval  Medical  Research  Irutitute 


REPORT  DOCUMENTATION  PAGE 

Form  Aporwftd 

OM$  No.  070t-OiM 

•Mht  taon«t  amtfi  •••  tM  commuoa  ••  iManMMo  •  niimMM  te  i  xMt  an  inclMaMit  txt  Mnt  im  mtuunie**.  Mwoutit  »«Mit  mu  tmiHt. 

£••.»«•■»*  ••<*  •lUWUMlM  IM  MU  <UMM.  (MWWUf  Iflt  lOUMWHI  ••  iHtafautlM  WfU  CMUMtW  ••MIMlf  UW  kUTM*  UtUUM  ar  Mr  aihtr  Matri  at  wu 

tenvniM  a«  miohmkm.  ucuaua  Muatwoa  <ot  tMMinf  tiu  aMaaa  ie  Ma|>>>Kr<*  •uiMuantn  Wn>aat.  OaKierau  far  mferauMn  OMWiau  aM  ataom.  UiS  iat«a»»M 
I20a.arw>(ien.v«  f#  lo  tM  OHk»  a*  Mai»aaf nuaf  uu  tiiatat.  >tMf  at>  MaoWioa  »«c>a«  IWM-Of Ml  ararluniaa.  DC  XMI. 

1.  AGtNCY  USt  ONLY  (LtSV  blink)  2.  RfPORT  OATi  3.  RI80RT  TYRE  AND  OATES  COVERED 

AuRust  1993  AuRust  1991  to  September  1992 

4.  TITLE  AND  SURTITLE 

Comparison  of  Cross-linked  Hemoglobin  Solution  to 

Lactated  Ringers  and  5X  Albumin  In  Resuscitation  of 
a  Rat  tfodel  of  Escherichia  coll  Septic  Shock 

S.  FUNDING  NUMBERS 

PE-  63706N 

PR-  M0095 

TA-  .001 

WU  -1005 

6.  AUTHOR(S) 

Ramsey  C,  Perdue  P,  Kazarian  KK,  Nevola  JJ,  Hayward  I, 
Williams  TJ,  Uw  W,  and  MC  Falk 

7.  PERFORMING  ORGANI2ATION  NAME(S)  AND  AOORESS(ES) 

Naval  Medical  Research  Institute 

Commanding  Officer 

8901  Wisconsin  Avenue 

Bethesda,  Maryland  20889*5607 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

NMRI  93-81 

9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  AOORESS(ES) 

Naval  Medical  Research  and  Development  Conunand 

National  Naval  Medical  Center 

Building  1,  Tower  12 

8901  Wisconsin  Avenue 

Bethesda,  Maryland  20889*5606 

10.  SPONSORING /MONITORING 

AGENCY  REPORT  NUMBER 

DN977556 

11.  SUPPLEMENTARY  NOTES 

12*.  OISTRI8UTION/AVAILA8ILITY  STATEMENT 

Approved  for  public  release;  distribution  is  unlimited. 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (Miximum  200  wortis) 

Intramoiecularty  cross*linked  hemoglobin  (lysine  99  alpha  1 -lysine  99  alpha  2  cross-linkage)  has  been  reported  to  have 
oxygen  transport  properties  similar  to  those  of  whole  blood.  Partial  and  complete  hansfusions  in  swine  have 
demonstrated  that  cross-linked  hemoglobin  solutions  transport  oxygen  and  allow  normal  cardiac  and  renal  function  in  the 
virtual  absence  of  red  blood  cells.  Recently,  a  study  of  this  cross-linked  hemoglobin  solution  in  a  rat  model  of 
hemorrhagic  shock  showed  an  improved  hemc^namic  response  to  cross-linked  hemoglobin  solution  over  that  provided 
by  lactated  Ringer’s  (R/L)  solution.  The  hemodynamic  response  was  similar  to  that  of  autologous  whole  blood  infusion. 

In  the  present  study  we  have  attempted  to  utilize  a  cross-linked  hemoglobin  solution  ki  resuscitation  of  a  rat  septic  shock 
model.  Sprague-Dawley  rats  were  anesthetized  with  ketamine  and  injected  i.p.  with  E.  coB.  Two  hours  after  E.  coli 
challenge  the  EUiimals  were  resuscitated  with  either  7%  cross-linked  hemoglobin,  5%  albumin  or  R/L  at  10  oc/kg'or  40 
oc/kg.  Hemodynamic  parameters  were  monitored  for  up  to  five  hours  on  the  anesthetized  animals.  There  were  no 
significant  differences  between  any  treatment  groups  for  heart  rate,  mean  arterial  pressure  (MAP),  cardiac  output,  or 
regional  blood  flow  to  tissues.  In  conclusion,  the  true  benefits  of  stroma-free  hemoglobin  (SFH)  resuscitation  could  not 
be  properly  assessed  in  this  pilot  study  because  of  the  role  of  ketamine  anesthesia  and  fluid  maintenanoe  given  to  the 
animals  prior  to  the  administration  of  the  SFH,  human  albumin  (HA),  and  R/L  resusdtative  solutions.  During  the  course 
of  this  experiment  additional  jn  vitro  studies  were  done  that  showed  that  SFH  potentialsd  the  growth  of  pathogenic 
bacteria.  Therefore,  an  awake  model  would  be  better  suited  to  determine  the  advantages  or  disadvantages  of  SFH  used 

_in-a«Baic _ _ 

14.  SUBJECT  TERMS 

Croas-llnked  hemoglobin;  hemorrhagic;  septic  shock  Intravascular 
resuscitation;  hemodynamics 

IS.  NUMBER  OF  PAGES 

IB.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION  IB.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION 

OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT 

Unclassified  Unclassified  Unclassified 

20.  LIMITATION  OF  ABSTRACT 

Unlimited 

N'SN  /S^-dV260-SS0d  S:*nc«'d  ?98  {R*v  2.89) 


»*ncvo««  •«  *•<»•  »W  tn-'t 


Mt-iM 


TABLE  OF  CONTENTS 


Acknowledgement  2 
Introduction  3 
Materials  &  Methods  5 
Results  &  Discussion  10 
References  16 
Figures  18 
Tables  39 


DTIC  QUALITY  INSPECTED  0 


2 


ACKNQWLEDGBMEHT 

This  research  was  completed  under  Naval  Medical  Research  and 
Development  Command  Work  Unit  Number:  63706N.M0095. 001-1005.  The 
opinions  and  assertions  contained  herein  are  the  private  views  of 
the  authors  and  are  not  to  be  construed  as  official  or  reflecting 
the  views  of  the  Department  of  the  Navy  or  the  Naval  Service  at 
large . 

This  study  was  approved  by  the  Animal  Care  and  Use  Committee, 
Naval  Medical  Research  Institute,  Septic  Shock  Research 
Department  and  the  experiments  reported  herein  were  conducted 
according  to  the  principles  set  forth  in  the  "  Guide  for  the  Care 
and  Use  of  Laboratory  Animals,  Institute  of  Laboratory  Animals 
Resources,  National  Research  Council,  DHHS,  Pub. No. (NIH)  86-23 
(1985) 

The  authors  express  their  sincere  appreciation  to  HM2  Brian 
Hendricks,  HM2  John  Kelly,  HM2  Anna  Wakefield  and  Mrs.  Alesia 
Holly,  for  their  expert  technical  assistance  in  the  completion  of 
this  work.  As  well,  the  excellent  editorial  assistance  of  Mr. 

Edd  Olds  is  appreciated. 

The  authors  also  wish  to  express  their  sincere  appreciation 
to  Baxter-Travenol  for  their  donation  of  the  hemoglobin  solution 
that  was  used  in  the  experiments. 


3 


IHTRODUCTIOM 

Septic  patients  may  present  with  hypoperfusion,  as  evidenced 
by  low  blood  pressure,  cool  extremities,  delayed  capillary  refill 
time,  and  altered  mentation.  When  these  patients  are  evaluated  by 
invasive  hemodynamic  monitoring,  they  exhibit  a  hypodynamic 
profile,  with  low  cardiac  index  and  high  systemic  vascular 
resistance  (1) .  Patients  manifesting  this  hemodynamic  low  flow 
state  will  not  survive  unless  treatment  is  rapidly  instituted 
with  large  volumes  of  intravenous  fluids  to  help  reverse  the 
hypodyneunic  or  hypotensive  condition.  This  intervention  is 
believed  to  lead  to  a  hyperdynamic  state  characterized  by  high 
cardiac  index  and  low  systemic  vascular  resistance  often 
associated  with  sepsis  (1-3) .  The  debate  over  the  optimal  type 
of  resuscitative  fluids  to  use  in  the  treatment  of  shoc)c  has  a 
long  history  and  remains  unresolved.  Recently,  hemoglobin 
solutions  that  are  cell-membrane-free  (classically  termed 
"stroma-free  hemoglobin",  abbreviated  hereafter  as  SFH) ,  have 
shown  great  promise  as  resuscitative  fluids.  These  solutions 
have  high  oxygen  carrying  capacity,  elevated  colloid  oncotic 
pressure,  low  viscosity,  long  shelf-life,  and  can  be  readily 
purified  of  bacterial  and  viral  contamination  (2) . 

Use  of  hemoglobin  solutions  as  a  blood  substitute  has  been 
thwarted  by  the  serious  problem  of  high  oxygen  affinity  in 
solutions  low  in  the  organic  ligand,  2, 3-diphosphoglycerate  (2,3 
DPG) .  The  2,3  DPG  is  often  lost  during  preparative  procedure, 
and  the  resultant  solutions  have  an  oxygen  affinity  that  is  too 
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high  for  clinically  useful  oxygen  off-loading.  Further,  to  be 
clinically  functional  as  a  blood  substitute,  SFH  must  be  retained 
in  the  plasma  and  be  able  to  bind  and  release  oxygen  at 
appropriate  oxygen  tensions  (3,4).  Various  modifications  of  SFH 
have  been  prepared  in  order  to  overcome  these  deficiencies. 

Intramolecularly  cross-linked  hemoglobin  (lysine  99  alpha  1- 
lysine  99  alpha  2  cross-linkage)  has  been  reported  to  have  oxygen 
transport  properties  similar  to  those  of  whole  blood  (5) .  The 
cross-linking  of  alpha  subunits  provides  the  hemoglobin  with  a 
favorable  (right-shifted)  oxygen  dissociation  curve  (6-8)  and 
stabilizes  the  dimer,  thereby  prolonging  intravascular  retention 
(9,10).  Partial  and  complete  transfusions  in  swine  have 
demonstrated  that  cross-linked  hemoglobin  solutions  transport 
oxygen  and  allow  normal  cardiac  and  renal  function  in  the  virtual 
absence  of  red  blood  cells  (11) .  Recently,  a  study  of  this 
cross-linked  hemoglobin  solution  in  a  rat  model  of  hemorrhagic 
shock  showed  an  improved  hemodynamic  response  to  cross-linked 
hemoglobin  solution  over  that  provided  by  lactated  Ringer' s 
solution.  The  hemodynamic  response  was  similar  to  that  of 
autologous  whole  blood  infusion  (12) .  While  hemorrhagic  shock  is 
different  from  septic  shock,  in  the  present  study  we  have 
attempted  to  utilize  a  cross  linked  hemoglobin  solution  in 
resuscitation  of  a  rat  septic  shock  model. 
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lilLTlRl^T.y  ^wn  HKTOijimfi 

The  SFH  solution  and  lactated  Ringer' s  (R/L)  used  in  these 
experiments  were  obtained  from  Baxter-Travenol  Company.  The 
hemoglobin  was  prepared  as  7%  hemoglobin  diluted  in  lactated 
Ringer's  solution  in  strictly  sterile  laboratory  conditions.  The 
hemoglobin  solution  was  consistently  found  to  be  without  lipid  or 
endotoxin  contamination  (Baxter-Travenol )  .  Human  albximin  (HA) 
used  was  obtained  as  a  five-percent  solution,  from  Armour 
Pharmaceutical  Company  (Kankakee,  IL)  .  Radiolcibelled 
microspheres  were  purchased  from  New  England  Nuclear  Products 
Company  (Boston,  MA) . 

Surgical  Preparation; 

Male  Sprague-Dawley  rats  weighing  300-450g  were  used  in  this 
study  and  subjected  to  Escherichia  coli  strain  B7  (086a :K61, 

ATCC  #33985)  peritonitis-induced  septic  shock.  Ketamine  was  used 
to  induce  and  maintain  anesthesia  for  the  surgical  and 
experimental  procedure.  An  initial  intra-peritoneal  injection  of 
ketamine  at  150  mg/kg  body  weight  induced  a  surgical  plane  of 
anesthesia.  A  ventral  incision  at  the  base  of  the  rat  tail 
allowed  access  to  the  tail  artery  and  a  polyethylene  cannula 
(PE-50;  interior  diameter  0.58  mm,  exterior  diameter  0.965  mm; 
Clay  Adeuns  Division,  Becton  Dickson  and  Co.,  Parsippany,  NJ)  was 
advanced  into  the  artery  for  about  1  cm.  Through  a  ventral 
cervical  midline  incision,  the  right  external  jugular  vein  was 
catheterized  in  similar  fashion.  Another  catheter  was  advanced 


6 


into  the  left  ventricle  via  the  right  carotid  artery.  Its 
placement  was  confirmed  by  characteristic  standard  pressure 
tracings.  All  incisions  were  closed  with  staples  and  a 
maintenance  intravenous  infusion  of  5%  dextrose  in  normal  saline 
was  started  at  4  ml/kg/h  via  the  external  jugular  vein.  To  this 
maintenance  fluid  supplemental  ketamine  was  added  to  provide  a 
continuous  infusion  of  40  mg/kg/h  throughout  the  experiment.  The 
animals  were  then  placed  in  a  prone  position. 

Protocol ; 

After  instrumentation,  a  one  hour  post  operative  recovery 
period  baseline  of  heart  rate,  arterial  blood  pressure  and 
regional  blood  flows  were  obtained.  Rats  then  received  an 
intraperitoneal  injection  of  E.  coli  (2  X  10^°  cfu/kg, 
approximately  an  LD  80)  (see  Figure  1) .  All  hemodynamic  and 
blood  flow  parameters  were  measured  at  2,  2.5,  3,  and  5  h  after 
the  onset  of  sepsis,  (see  Figure  4  for  a  summary  of  the 
interventions) . 

Hemodynamics  were  obtained  using  pressure  transducers 
(Spectramed  Inc.  model  P23XL  and  PIOEZ  transducers,  Oxnard,  CA) , 
and  measurements  were  processed  through  a  commercially  available 
data  acquisition  software  program  ("CODAS"  by  Dataq  Instruments, 
Inc.,  Akron,  OH). 

Blood  flow  measurements: 

The  use  of  radiolabelled  microspheres  allows  determination 
of  cardiac  output,  organ  blood  flow  and  regional  distribution  of 
cardiac  output  (13,14).  Simultaneous  measurement  of  oxygen 
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content  (Ca02)  allowed  oxygen  delivery  to  individual  organs  to  be 
estimated. 

The  microspheres  used  were  approximately  15  microns  in  size 
and  are  made  of  a  latex  polymer.  They  were  "tagged"  with  one  of 
five  isotopes:  Cerium  141  (Ce  141),  Strontium  85  (Sr  85), 

Scandium  46  (Sc  46),  Tin  113  (Sn  113),  Chromium  51  (Cr  51). 
Microsphere  suspensions  were  sonicated  and  vortexed  prior  to 
injection  into  the  left  ventricle.  At  the  specified  time  each  of 
the  five  radiolabelled  microsphere  sets  was  injected  over  15 
seconds  and  the  catheter  was  flushed.  At  the  beginning  of  the 
microsphere  injection  blood  was  withdrawn  from  the  tail  artery  at 
a  constant  rate  of  0.45  ml/min(by  a  Harvard  Apparatus  infusion- 
withdrawal  pump)  for  90  seconds  to  serve  as  a  reference  for 
determination  of  cardiac  outputs  and  regional  blood  flow 
calculations.  After  obtaining  this  sample,  0.3  cc  of  blood  was 
obtained  for  determination  of  oxygen  content  using  a  cooximeter 
(Instruments  Laboratory) .  At  the  end  of  the  experiment,  the 
animal  was  euthanized  with  intravenous  ketamine,  and  the 
following  organs  were  harvested:  heart,  lungs,  brain,  kidneys, 
adrenals,  spleen,  pancreas,  stomach,  small  bowel,  colon,  and 
testes. 

Each  of  these  samples  was  weighed  and  placed  in  vials  for 
measurement  of  radioactivity  by  a  gamma  scintillation  counter. 

By  determining  cardiac  output  and  oxygen  content  at  a  given  time, 
and  the  amount  of  microspheres  deposited  in  each  tissue, 
individual  organ  blood  flow  and  oxygen  delivery  can  be  estimated. 
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By  using  different  radiolabelled  microspheres  at  different  times, 
the  time  course  of  regional  blood  flow  and  oxygen  delivery  was 
determined  in  the  same  animal .  Calculations  of  cardiac  output 
and  regional  blood  flow  were  performed  using  a  software  program 
written  for  the  analysis  of  multiple  isotopes  (Law  WR,  Naval 
Medical  Research  Institute,  Bethesda,  MD.). 

Fluid  Resuscitation; 

According  to  random  group  designation  at  two  hours  post  E. 
coli  injection,  each  animal  had  blood  samples  withdrawn  and  then 
received  either  10  or  40  ml/kg  of  resuscitative  fluid 
intravenously  over  20  minutes.  The  resuscitative  fluids  were 
either  1)  5%  albumin  (HA),  2)  7%  cross-linked  hemoglobin  solution 
(SFH),  or  3)  Lactated  Ringer's  solution  (R/L) .  HA  solution  is 
commonly  used  as  a  resuscitative  agent  in  human  septic  shock  and 
has  similar  colloidal  osmotic  pressure  as  SFH,  therefore  it  was 
chosen  for  comparison  with  SFH.  Hemodynamic  and  blood  flow 
measurements  were  taken  at  2.5  and  5  hours  after  septic 
challenge.  The  surviving  animals  were  euthanized  with 
intravenous  ketamine  after  the  5  h  measurements  were  made. 

Organs  of  interest  were  then  harvested  and  evaluated  for  gamma 
radioactivity . 

Controls : 

One  control  group  received  only  maintenance  fluids  and 
ketamine  anesthesia.  A  second  control  group  received 
intraperitoneal  (ip)  E.  coli.  maintenance  fluids  and  ketamine 
anesthesia.  The  number  of  animals  in  each  group  is  shown  in 
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Table  1. 

In  Vitro  Studies: 

Bacterial  growth  in  SFH  and  Hh  aolutions.  Various 
concentrations  of  SFH  or  HA  solutions  were  made  in  brain  heart 
infusion  (BHI,  Difco,  Detroit,  MI)  broth  and  inoculated  with  E. 
coli  strain  B7 .  The  optical  densities  (O.D.)  of  the  growing 
cultures  were  measured  with  time  and  compared  with  cultures  in 
BHI  alone  (Figures  7  and  8) .  SFH  solutions  containing  an  iron 
chelator,  desferoxamine  mesylate  (Desferal,  Ciba-Geigy,  Summit 
NJ) ,  were  also  examined  (Figure  9). 
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RESULTS  AND  DISCUSSION 

*Preliroinarv  Data; 

Figure  1  shows  the  percent  mortality  over  24  hours  for  rats 
after  challenged  with  increasing  bacterial  counts.  It  should  be 
noted  that  this  preliminary  mortality  and  morbidity  study  was 
performed  on  awake,  fully  conscious  rats  after  a  24  hour  recovery 
from  their  surgical  instrumentation.  The  group  which  received 
intra-peritoneal  E.  coli  at  2  x  10^°  cfu/kg  showed  nearly  80% 
mortality  within  24  h,  (Figure  1) ,  and  manifested  early 
tachycardia  and  hypotension  (Figures  2  and  3) . 

The  data  from  the  above  preliminary  study  on  awake  rats  was 
used  to  determine  the  inoculum  of  E.  coli  that  would  most  likely 
cause  hemodynamic  alterations  during  the  first  few  hours  after 
intra-peritoneal  injection  of  the  organism  and  yet  allow  animals 
to  survive  the  experiment  at  least  6  h  or  more  after  induction  of 
peritonitis.  Similar  control  data  in  anesthetized  animals  were 
not  undertaken.  The  "confounding  variables"  that  we  may  have 
encountered  by  making  predictions  in  this  fashion  are  discussed 
subsequently.  After  a  consultation  with  critical  care  experts, 
the  principal  investigators  of  this  project  decided  to  use 
ketamine  as  the  sole  anesthetic  for  induction  and  maintenance  of 
anesthesia  throughout  the  course  of  the  experiments  since  it  was 
concluded  that  this  drug  was  least  likely  to  influence 
hemodynamics  in  this  model. 
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Observations ; 

There  were  no  big  differences  in  heart  rate  aMAP  between  any 
of  the  treatment  groups  (Figures  5  and  6) .  Rates  were  elevated 
due  to  anesthetic  and  remain  high  throughout.  Further,  there 
were  no  significant  differences  in  CO  and  regional  blood  flow 
between  any  of  the  treatment  groups,  thus  only  representation 
group  values  any  presentation.  Tables  2-5.  CO  generally 
exhibits  a  steady  decline  over  the  time  course  in  all  groups 
tested.  There  were  no  consistent  trends  in  regional  blood  flow. 
It  must  be  noted  that  the  anesthetized  animals  received  ketamine 
in  a  continuous  infusion  throughout  the  experiment. 

While  ketamine  is  less  likely  to  cause  acute  cardiac 
depression  than  any  other  inhaled  or  intravenous  anesthetics,  it 
may  cause  an  initial  increase  in  myocardial  performance  by 
stimulating  endogenous  catecholamine  release.  This  might 
inhibit,  or  cause  a  delay  in  the  hypotension  seen  in  the  awake 
model  following  E.  coli  injection. 


*The  preliminary  data  obtained  In  this  anesthetized  rat  septic  shock  model  will 
be  used  for  an  experimental  awake  rat  septic  model  planned  by  Dr.  William  R.  Law, 
University  of  Illinois,  School  of  Medicine,  Chicago,  Illinois. 
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The  anesthetized  animals  also  received  maintenance  fluids  at 
a  rate  of  4  ml/kg/h  in  order  to  offset  the  lack  oral  intake  that 
was  allowed  in  the  awake  model  must  also  be  a  considered  as  an 
additional  contributing  component  for  fluid  resuscitation  and 
combined  with  the  myocardial  effects  of  ketamine,  may  have 
inhibited  or  delayed  the  hemodynamic  abnormalities  normally  seen 
following  injection  of  E.  coli  into  the  peritoneum  of  awake,  non- 
anesthetized  animals.  Another  confounding  variable  in  comparison 
of  the  awake  versus  the  anesthetized  models,  involves  a  24  h  post 
surgical  period  for  the  awake  model,  as  opposed  to  only  a  one 
hour  period  for  the  anesthetized  model.  Inflammatory  mediators, 
induced  by  the  surgical  procedure  may  have  been  in  the  midst  of 
the  inflammatory  cascade  as  sepsis  was  induced  in  the 
anesthetized  model.  The  awake  model  was  allowed  approximately  23 
more  hours  of  recovery  from  the  surgery  than  the  anesthetized 
model  was  before  peritonitis/sepsis  was  induced.  To  summarize 
the  above,  there  was  an  inhibition  or  time  delay  in  the 
hemodynamic  response  following  peritonitis-induced  sepsis  in  the 
ketamine  anesthetized  animals  possibly  due  to  the  administration 
of  maintenance  intravenous  fluids,  ketamine-induced  endogenous 
catecholamine  response,  and/or  the  lack  of  a  post  surgical 
recovery  period.  There  were  no  differences  in  hemodyn  parameters 
between  any  of  the  treatment  groups. 

There  were  several  deaths  during  the  course  of  the 
experiment.  Although  this  was  not  set  up  as  a  lethality  study, 
groups  had  an  apparent  increase  in  mortality  (Figures  10  and  11) . 
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In  Figures  5  and  6  it  will  be  noted  that  some  of  the  error 
bars  are  missing  in  some  groups  towards  the  end  of  the 
experiment.  This  is  because  there  was  often  only  one  animal 
alive  at  the  end  of  the  study.  By  studying  the  terminal 
hemodynamics  and  observing  the  respiratory  effort  of  animals  that 
died  before  completion  of  the  experiment,  and  correlating  these 
events  with  the  increased  need  for  ketamine  to  maintain 
analgesia,  a  likely  cause  was  that  the  animals  developed  ketamine 
toxicity. 

Even  though  a  150  mg/kg  of  ketamine  intraperitoneally  was 
sufficient  for  induction,  and  40  mg  /kg/h  intravenous  bolus  of 
ketamine  was  initially  sufficient  for  maintenance  of  a  surgical 
plane  of  anesthesia,  the  animals  required  multiple  repeated 
boluses  of  ketamine  in  order  to  maintain  a  surgical  plane  of 
anesthesia  (assessed  by  interdigital  pain  response) .  At  the  end 
of  the  experiment,  the  animals  required  more  frequent  boluses  of 
ketamine  to  maintain  analgesia,  and  yet  would  exhibit  fairly 
profound  hemodynamic  and  respiratory  suppression  when  the  bolus 
of  ketamine  was  given.  A  mechanism  by  which  this  could  occur 
involves  a  rapidly  developing  tolerance  to  ketamine,  in  which  the 
therapeutic  index  narrows.  In  this  scenario,  the  amount  needed 
for  a  therapeutic  effect  progressively  approaches  toxic  levels. 
Thus  the  animal  eventually  experiences  toxicity  at  doses  needed 
for  therapeutic  benefits.  Apnea,  bradycardia  and  hypotension  are 
terminal  side  effects  of  ketamine,  and  were  observed  in  many  of 
the  animals  who  expired  before  completion  of  the  experiment. 


This  phenomenon  occurred  in  some  animals  of  all  groups,  and 
Figure  10  shows  graphically  the  number  of  deaths  in  each 
resuscitation  group  at  similar  times. 

Another  mechanism  in  which  ketamine  might  cause  toxicity 
involves  a  depletion  of  endogenous  catecholamines  as  a  result  of 
the  chronic  adrenal  stimulation.  The  catecholamine  depletion  may 
interact  synergistically  with  the  catecholamine  depletion  caused 
over  time  by  sepsis. 

These  confounding  variables  tend  to  diminish  any  significant 
conclusions  from  the  results  obtained  in  our  fluid  resuscitation 
experiments . 

The  deaths  occurring  during  or  immediately  following  the 
fluid  resuscitation  prompted  additional  inquiry  into  the 
potentiating  effects  of  SFH  and  HA  upon  E.  coli  itself.  In 
vitro,  E.coli  strain  B7  was  incubated  with  varying  concentrations 
of  SFH  or  HA  solutions. 

The  results  of  this  study  revealed  that  E.  coli  growth  was 
directly  correlated  with  increased  concentrations  of  SFH  but  not 
with  increased  concentration  of  HA  (Figures  7  and  8) .  In  SFH, 
the  onset  of  log  phase  growth  occurred  earlier  and  resulted  in  a 
higher  yield.  An  earlier  study  has  shown  that  iron  in  hemoglobin 
could  enhance  E.  coli  virulence  in  guinea-pigs  and  that  the 
lethal  dose  of  E.  coli  decreased  by  100,000-fold  for  guinea-pigs 
treated  with  ferric  ammonium  citrate,  an  iron  source  (15) .  Since 
our  final  concentration  of  1.4%  SFH  solution  contains 
approximately  0.8  mM  heme-bound  iron,  we  added  an  iron-chelator 
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to  the  SFH  containing  growth  media.  Both  5  mM  and  10  mM 
desferoxamine  mesylate  -  labeled  "D",  caused  a  dose  related 
inhibition  of  E.  coli  growth  in  SFH  (Figure  9) .  Desferoxamine 
delayed  the  onset  of  log  phase  growth  and  reduced  total  yield  in 
comparison  with  that  achieved  in  SFH  alone.  Possibly,  iron  or 
hemoglobin  bound  by  desferoxamine  in  SFH  solution  may  be 
unavailable  or  less  available  to  the  E.  coli . 

Since  our  growth  enhancement/inhibition  studies  were 
performed  in-vitro,  their  clinical  relevance  is  unknown.  The 
enhanced  growth  of  E.  coli  when  stroma-free  hemoglobin  is  added 
may  indicate  a  need  for  caution  with  the  use  of  this 
resuscitation  fluid  in  patients  who  are  bacteremic. 

In  conclusion,  the  true  benefits  of  SFH  resuscitation  could 
not  be  properly  assessed  in  this  pilot  study  because  of  the  role 
of  ketamine  anesthesia  and  fluid  maintenance  given  to  the  animals 
prior  to  the  administration  of  the  SFH,  HA  and  R/L  resuscitative 
solutions.  Therefore  the  awake  model,  as  developed  by  Dr.  Law, 
would  be  better  suited  to  determine  the  advantages  or 
disadvantages  of  SFH  use  in  sepsis.  During  the  course  of  this 
experiment  additional  in  vitro  studies  were  done  that  showed  that 
SFH  potentiated  the  growth  of  pathc^enic  bacteria. 
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Figure  1.  Raf  Sepsis  Model/lnitial  Mortality  Study  Percent  mortality  over  the  24  hour 
period  following  intraperitoneal  injection  of  g.  ggN.  Bacterial  levels  are  expressed  as 
projected  g.  ggli  colony  forming  units(CFU);  Six  to  nine  rats  were  used  in  each  group;  no 
volume  resuscitation  was  provided;  A  proj^ed  CFU  of  2  X  10'*  provided  approximately 
80%  lethality  over  a  24  hour  period,  and  was  used  in  subsequent  experiments. 
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Figure  3.  Rat  Seosis  Model:  Mean  Arterial  Pressure:  The  mean  arterial  blood  pressure 
percent  change  from  baseline  after  E.  cgli  intraperitoneal  injection.  •  Saline,  a  2  E10 
CPU.  o  5  E10  CFU.  □  1E1 1  CFU.  ▼Te5XFU,  0  5E9  CFU. 
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microspheres  were  injected  to  determine  regional  blood  flow,  as  well  as  the  time  that 
hemodynamics  were  measured.  The  numbers  on  the  top  line  indicate  the  number  of 
hours  after  E.  Coli  was  injected  into  the  peritoneum.  ”RP  indicates  resuscitation  fluid, 
which  was  infused  between  the  2  and  2.5  hour  timepoints.  Maintenance  fluid,  (5% 
dextrose  in  0.45%  normal  saline),  was  infused  at  4  ml/kg/h  throughout  the  protocol. 
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Figure  5.  Heart  Rate  After  E.  coll  or  Saline-control  lnie(aion  The  heart  rate  is  expressed 
in  beats  per  min. 

A.  No  treatment  There  were  no  statistically  significant  differences  between  the  septic  (—} 
and  non-septic  ( — )  control  groups.  The  septic  group  received  an  intrapeiitoneal  injection 
of  2  E10  CFU  of  E.  Coll  at  time  zero,  while  the  non-septic  control  group  received  an 
intrapeiitoneal  injection  of  normal  saline  at  the  comparable  time. 

B.  Effect  of  to  cc/ko  treatment  There  was  no  statistically  significant  difference  between 
the  heart  rate  of  septic  groups  receiving  10  cc/kg  intravenous  boluses  of  either  7% 
hemoglobin  { — ),  Ringer’s  lactate  (— )  or  5%  albumin  solution  (— ),  after  E.  ggli  injection 
at  time  zero.  There  were  insufficient  data  to  make  statistical  conclusions  regarding  the  7% 
hemoglobin  solution  group  at  hours  4  and  5. 

C.  Effect  of  40  cc/ko  There  were  no  statistically  significant  difference  between  the  heart 
rate  of  3  septic  groups  receiving  40  cc/kg  intravenous  boluses  of  either  7%  hemoglobin 
( — ),  Ringer’s  lactate  (••*)  or  5%  albumin  solution  (— ),  after  E.  coli  injection  at  time  zero. 
There  were  insufficient  data  to  make  statistical  conclusions  regarding  the  7%  hemoglobin 
solution  group  at  hours  3.  4  and  5. 
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Rgure  6.  Mean  Arterial  Pressure  After  E.  coK  injection  After  Saline  or  E.  coli  injection 
The  mean  arterial  pressure  expressed  as  mmHg. 

A.  No  treatment  There  were  no  statistically  ^gnificant  difference  between  the  mean 
arterial  pressure  of  septic  (— )  and  non-se^ic  ( — )  control  groups.  The  septic  group 
received  an  intraperitoneal  Injection  of  2  E10  CPU  of  E.  ^  at  time  zero,  while  the  non- 
septic  control  group  received  an  intraperitoneal  injection  of  normal  saline  at  the 
comparable  time. 

B.  Effect  of  to  cc/ko  treatment  There  were  no  statistically  significant  difference  between 
the  mean  arterial  pressure  of  3  septic  groups  of  animals  receiving  10  cc/kg  intravenous 
boluses  of  either  7%  hemoglobin  { — },  Ringer’s  lactate  (-’•)  or  5%  albumin  solution  (— ). 
after  E.  ^  injection  at  time  zaro.  There  were  insufficient  data  to  make  statistical 
conclusions  regarding  the  7%  hemoglobin  solution  group  at  hours  2.5,  4  and  5. 

C.  Effect  of  10  cc/ko  treatment  There  were  no  statistically  significant  difference  between 
the  mean  arterial  pressure  of  3  septic  groups  receiving  40  cc/kg  intravenous  boluses  of 
either  7%  hemoglobin  ( — ),  Ringer’s  lactate  (— )  or  5%  albumin  solution  (— ),  after  E.  ^ 
injection  at  time  zero.  There  were  insufficient  data  to  make  statistical  conclusions 
regarding  the  7%  hemoglobin  solution  group  at  hours  2.5,  3.  and  4. 
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.  7.  £ff«cc  of  huMn  slbusin  concontrotion  in  EHl  upon  £.  eoli  57 
grovth  for  ^ih  oc  37*C,  using  0.0%  (A),  1.25%  (Q).  snd  1.67%  (W) 
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FIG.  8.  Effect  of  SFH  eonccntretien  in  BHI  upon  cell  B7  growth  for 
*t  37*C.  using  0.0%  (A),  0.35%  (■}.  0.70%  (A).  *nd  1.^0%  (□). 
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Rgure  10.  Death  Rate  The  Death  Rates  of  3  septic  groups  receiving  10  cc/kg 
intravenous  boluses  of  either  7%  hemoglobin  Ringer's  lactate  (-••)  or  5%  albumin 
solution  (— ).  after  E.  ^  Injection  at  time  zero.  There  were  insufficient  numbers  of 
animals  in  each  group  to  make  statistical  conclusions  regarding  death  rates  between 
groups. 
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Figure  11.  Death  Rate  Death  rates  of  3  septic  groups  receivir^g  40  cc/kg  intravenous 
boluses  of  either  7%  hemoglobin  { — ),  Ringer's  lactate  {— )  or  5%  albumin  solution 
(—),  after  E.  ^  injection  at  time  zero.  There  were  insufficient  numbers  of  animals  In 
each  group  to  make  statistical  conclusions  regarding  death  rates  between  groups. 
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A.  No  copsis  /  No  fluid  /  No  nicrosphoros  (NNN) 

6  rats 

B.  No  sepsis  /  No  fluid  /  With  aicrospheres  (NNW) 

7  rats 

C.  Sepsis  /  No  fluid  /  With  aicrospheres  (SNW) 

7  rats 

D.  Sepsis  /  5%  Albiiain  /  With  aicrospheres  (SAW) 

1.  (SAWl  «  40  al  albuain  solution  per  Ag  rat)  6  rats 

2.  (SAW2  •  10  al  albxuoin  solution  per  kg  rat)  6  rats 

E.  Sepsis  /  7%  Heaoglobin  solution  /  With  aicrospheres  (SHW) 

1.  (SHWl  «  40  al  heaoglobin  solution  per  kg  rat)  5  rats 

2.  (SHW2  >  10  al  heaoglobin  solution  per  kg  rat)  7  rats 

F.  Sepsis  /  Lactated  Ringer's  /  With  aicrospheres  (SLW) 

1.  (SLWl  >  40  al  lactated  Ringers  solution  per  kg  rat)  5 
rats 

2.  (SIW2  >  10/kg  lactated  Ringers  solution)  6  aniaals 


Table  1.  Experimental  Groups  This  table  gh^es  the  number  of  animals  in  each 
experimental  group,  and  details  the  different  treatment  regimens  that  groups  receivad. 
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■n 

^biieline 

161 

122 

204 

174 

—  • 

la^bours 

|aift«r 

?B^ii 

123 

131 

213 

150 

C.O.- 

**srH 

fC2^  5-  hours 

70 

55 

161 

114 

g^jjiiours 

lifter- 

dead 

25 

dead 

dead 

*  C.0.«  Cardiac  output 

**  SFH  •  Strona-fraa  haaoglobin 


Table  2.  Cardiac  Output  (CO)  for  Stroma-free  hemoglobin  group  This  table  shows  no 
reproducible  or  predictive  trends  in  the  analysis  of  4  animals’  cardiac  output  after 
induction  of  sepsis,  followed  by  treatment  with  10  ml/kg  stroma-free  hemoglobin 
intravenously. 
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44 


||c;bl- 

fbaselina 

141 

91 

106 

132 

130 

1:2  ihours 

lifter. 

CB.coll 

X:/.  ■  ■ 

121 

146 

136 

118 

92 

c.o,- 

I'ifter 

in  (2.5 
hours 
ifter 
^E.coli) 

110 

119 

186 

147 

103 

:C.O,-  5 
hours 
^fter 
^Z.coli 

dead 

dead 

163 

dead 

77 

*  C.0.>  Cardiac  output 

**  L.R.*  Lactatad  Klngar's 


Table  3.  Cardiac  Output  (CO)  for  lactated  Ringer  group  This  table  shows  no 
reproducible  or  predictive  trencte  in  the  analysis  of  4  animsds’  cardiac  output  after 
induction  of  sepsis,  followed  by  treatrrtent  >^h  10  mi/kg  Ringer’s  lactate  solution 
intravenously. 
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Brain;: 

t  :  ;:’ Heart  ^ 

■  -v:  .'■•^  4**'  — >.  v.- 

.  -..y-.-Xv.-- 

>A:-. 

•X>-'  •  -- 

.  Skin 

Huscla...'^ 

0.81 

3.26 

5.38 

0.12 

0.10 

p^frc.o.- 

^'titours 

^ii'ftar 

1.13 

4.79 

1.13 

0.07 

0.16 

a^pf,c.o.- 

llftar 

<2.5 

^"odra 

!«|tar 

^iiicoli) 

1.11 

4.55 

1.04 

0.06 

0.19 

of  C  •  0  •  * 
(5^  hours 
j'aiftar 
^Jcbii 

1.16 

4.05 

1.29 

0.08 

0.04 

*  C.O.*  Cardiac  output 

**  L.R."  Lactatad  Ringar's 


Tabla  4.  Ragional  blood  flow  for  lactatad  Rlngar's  group  -  This 
table  shows  no  reproducible  or  predictive  trends  in  the  analysis  of 
4  animals'  tissue  blood  flow  after  induction  of  sepsis,  followed  by 
treatment  with  10  ml/kg  Ringer's  lactate  solution  intravenously. 


Brain  ' 


mpt:c,o.~ 

buaiina** 


4  of  C.O.- 
2<  hours 
after 
^S.coli 


of  C.O 


%  of  C.O 
5'  hours 


0.87 


0.74 


B.coli 


*  SFH  ■■  Strona>Free  Hemoglobin 

**  C.O.>B  Cardiac  outp\rt 
**  L.R.«  Lactated  Ringer's 


Hearts 

Portal:;. 

~ '  Skin. ' 

Muscles: 

/...fj  :  .•>w  •••  •v 

2.5 

1.13 

0.11 

0.06 

2.8 

1.04 

0.07 

0.06 

2.84 

0.76 

0.08 

0.06 

2.83 

2.12 

0.02 

0.03 

Table  5.  Regional  blood  floe  for  Strooa-free  hemoglobin  group  ~ 

This  table  shows  no  reproducible  or  predictive  trends  in  the 
analysis  of  4  animals'  tissue  blood  flow  after  induction  of  sepsis, 
followed  by  treatment  with  10  ml/kg  stroma-free  hemoglobin 
solution  intravenously. 
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